The cDNA e pho atldylinositol (PI) 
plant cDNA does not rescue a yeast vps34 deletion mutat, but a chenrV gene In which the coding sequence for the C-terminal third of VPS34 Is repl by the correspondig sequence from the plant gene does rescue the yeast mutant. PI Sigaling cascades involving phosphorylated phospholipids that function in mammalian and yeast cells may also operate in plant cells (1) . Because of the importance of phosphatidylinositol (PI) 3-kinases in signaling cascades of mammalian cells (2) and for vacuolar targeting in yeast (3), we studied the role of PI 3-kinase in Arabidopsis thaliana. This enzyme has not yet been found in plant extracts, although its activity has been demonstrated by metabolic labeling of lipids with radioactive precursors (4, 5) .
Targeting of vacuolar proteins requires both information within the proteins themselves (vacuolar sorting signals) and machinery for protein targeting: receptors as well as proteins on the outside of the vesicles (coat and regulatory proteins) and on the vacuolar membrane. GTPases are likely to be important in these processes (6) , as well as proteins necessary for vesicle fusion with the target membrane, possibly by binding to specific phospholipids in these membranes (7) . How these proteins interact to deliver vacuolar protein remains to be elucidated, but VPS34 and VPS15 have been shown to be components of a membrane-associated protein complex needed for the correct targeting ofvacuolar proteins in Saccharomyces cerevisiae (8) . VPS15 encodes a protein kinase (9) and VPS34 encodes a PI 3-kinase (10, 11) .
The importance of PI for vesicle transport is underscored by the crucial role of PI transfer protein, the product of the SEC14 gene in yeast, for exit of proteins from a late Golgi compartment (12) . This protein transfers PI between lipid bilayers and is required to maintain the correct PI level in Golgi membranes.
The association of PI 4-kinases with the cytoskeleton (13) or their colocalization with vesicles (14) and the interaction of their products with proteins like profilin (15) also point to involvement of PI kinases in protein transport. Furthermore, PI 3-kinase is required for internalization and degradation of platelet-derived growth factor receptor (16) .
Using PCR with oligonucleotides based on conserved sequences in PI 3-kinases from bovine tissues (17) , yeast (9) , and a PI 4-kinase of yeast (18), we identified an A. thaliana PI 3-kinase cDNA (AtVPS34). We found considerable amino acid sequence identity between AtVPS34 and yeast VPS34, as well as mammalian p110, especially in the C-terminal half with its catalytic domain. In the N-terminal half of the plant protein homology to a calcium-dependent phospholipidbinding (CaLB) domain is present, as found in proteins such as rabphilin-3A, a protein involved in fusion of synaptic vesicles to the plasma membrane (7).
MATERIALS AND METHODS Mdecular Biolgy Techniques. Cloning, transformation, blotting, and hybridization were done by standard methods, as described (19) . PCR was conducted by denaturation at 94°C for 3 min, followed by [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Fig. 1 ). The lower identity with the mammalian peptide sequence is caused, in part, by the more variable N-terminal sequence of the p110 polypeptide. Common to the plant and mammalian PI 3-kinases is the deletion of a 60-aa stretch from the yeast sequence, 400 aa from the C terminus ( Fig. 1 of the phosphoglycerate kinase promoter and terminator (20) failed to rescue a vps34 deletion mutant that is temperature sensitive for growth at 3rC (Fig. 3A, upper left quadrant) . Extracts of the cells grown at 30TC expressed AtVPS34 (as shown in Northern blots) but contained no PI 3-kinase activity (Fig. 3C, lane 2) .
To test whether the phosphoglycerate kinase promoter was responsible for the lack of enzyme activity, we made a construct in which the plant coding sequence was controlled by yeast VPS34 promoter. This construct, which contained the proper yeast expression signals, also failed to rescue the yeast deletion mutant (data not shown).
The extent ofhomology in the N-terminal halfofthe VPS34 proteins is relatively low (29%, Fig. 1) . Therefore, the plant protein may not associate with the necessary effector proteins, such as VPS15. To test this hypothesis, we made chimeric yeast-plant cDNAs in which domains between the two proteins were swapped. Two of these are shown in Fig.  3B . In the construct ScAtI the terminal third of the plant cDNA is fused to two-thirds of the yeast gene from the N terminus. Taking advantage of a conserved Dra I restriction site in both genes, this fusion was made at the N-terminal end ofthe most conserved domain (58% identity, Fig. 3B ). ScAtII has the C-terminal halfofAtVPS34 (aa 402-815) and aa 1-463 ofScVPS34 (Fig. 3B) . Both coding sequences were expressed with yeast expression signals (ScVPS34 promoter and phosphoglycerate kinase terminator). Of these two constructs, only the one with the shorter plant coding segment rescued the temperature-sensitive growth defect of the yeast vps34-deletion strain (Fig. 3A, upper right quadrant) . When this complemented strain was grown at 300C, cell extracts contained PI 3-kinase activity (Fig. 3C, lane 1) . The right quadrant), and cells grown at 30TC had no detectable PI 3-kinase activity (Fig. 3C, lane 3 5 and 6, respectively) . The mRNA was also readily detected in the transformed callus cells at a level considerably above that in control callus (data not shown). Extracts of control and transformed callus were assayed for PI 3-kinase activity (Fig. 4B) Characteristic of the initial transformants (T.) with the antisense construct (p9.1A) was the slower regeneration of shoots (6 weeks instead of 4 weeks) and fewer shoots arising from the calli. About 20 independent shoots were obtained. From seven of these, callus lines were generated and maintained. The regenerated plantlets flowered and after selling produced seeds; seed set was poor, as was gemination ofthe seeds; from only three plants were fertile seeds obtained.
With kanamycin (50 pg/ml) seedlings died within 2 weeks.
Without kanamycin, we recovered 11 plants, and the transgene in these plants was shown by PCR.
The three most severely affected T, plants had leaves that grew more or less normally at first, but the petioles failed to elongate, and no stem was formed. The leaf edges curled inward and dipped into the agar. Then growth stopped, although a callus eventually was formed where small leaves grow out (Fig. 5 Left) . In a less severe phenotype, (fourplants) the leaves were less rolled, and a short shoot formed. In both types, the leaves appeared shiny, and water covered the leaf surface. One plant containing the antisense gene exhibited a nearly wild-type phenotype (Fig. 5 Right) . The other four plants with wild-type phenotypes were not tested by PCR.
DISCUSSION
In plant, mammalian, and yeast cells, proteins are synthesized on the endoplasmic reticulum, sorted in the Golgi body, and delivered to the extracellular space or to vacuoles (lysosomes), depending on specific targeting information. This targeting information differs among organisms, but some components ofthe secretory machinery appearconserved. Indeed, some proteins ofthe secretory system ofplant cells have been identified by complementing yeast secretion mutants (29, 30) . The enzyme PI 3-kinase, which catalyzes phosphorylation of PI, is involved in protein sorting in both mammalian and yeast cells (3, 16) . In yeast, vps34 mutants secrete vacuolar enzymes, and the protein encoded by VPS34, PI 3-kinase, binds directly to a membrane-associated protein kinase encoded by VPS1S. This protein complex is postulated to regulate the sorting/packaging of vacuolar hydrolases in a late Golgi compartment (8) . In mammals, PI 3-kinase plays a role in the internalization ofhuman platelet-derived growth factor receptors and other receptor tyrosine kinases (16) .
Structure and Functon of AtVPS34, an A. tan PI 3-Kinase. In addition to size similarity, the homology of A. thaliana PI 3-kinase to yeast VPS34 (40% identity) is significantly higher than to mammalian p110 (26% identity). This result favors the conclusion that AtVPS34 has similar properties as ScVPS34. The C-terminal domains of both proteins contain ATP-binding and kinase motifs that define the presumed catalytic domain. Point mutations in this part of yeast VPS34 abolish any detectable PI 3-kinase activity and do not complement a yeast vps34 deletion mutant (3) . Exchange of the last 255 aa of the yeast protein for the plant sequence created a fusion protein able to restore temperature resistance and PI 3-kinase activity to a yeast vps34 deletion mutant (Fig. 3) (31) . Another function of this protein is the binding and bundling ofF-actin. The recent finding that an EF-la plant homolog is also a membrane-bound activator of PI 4-kinase (32), together with reports of PI 4-kinases found on the surface of vesicles (14) and isolated together with F-actin (33) , may indicate that both kinase activities are crucial in vesicle budding processes, as shown for the internalization of tyrosine receptor kinases by endocytotic events in mammalian cells (2) .
PI 3-Klnase Actvity In Prnts. PI 3-kinase activity has so far not been found in plant protein extracts (13) , and we also failed to detect this activity in control plant extracts (Fig. 4B,  lane 2) . The existence of PI 3-kinase could be inferred from labeling patterns of lipids extracted from duckweed (5) or guard cells of Commelina communes (34) labeled with appropriate radioactive precursors. We detected very low levels of PI 3-kinase activity (compared with PI 4-kinase activity) in transgenic callus cells overexpressing AtVPS34 (Fig. 4B) . PI 3-phosphate and PI 4-phosphate were not completely separated as unique spots in this chromatographic system. Nevertheless, we believe that the spot identified as PI 3 is not caused by "fronting" from the PI 4 spot because increased loading (5-fold) did not produce such a spot when extract from an untransformed plant was used. Headgroup analysis, as done for yeast (3) , will be necessary to confirm unequivocally that this spot represents PI 3-kinase activity. mRNA for the enzyme was more readily detected than enzyme activity (Fig. 4A) . The low level of active enzyme may be caused by rapid inactivation in cell extracts or the absence of a required activation step, leaving most of the enzyme inactive, as occurs in ScVPS34-overexpressing yeast cells (3) . ScVPS34 appears to be activated by the VPS15 protein kinase (8) . If (2) . Therefore, the lethal phenotype of the plants may indicate a serious disruption of essential signal-transduction pathways. These results with animal cells implicate PI 3-kinase in vesicle transport: the platelet-derived growth factor receptor must be complexed with PI 3-kinase for proper endocytosis of these receptors (16) . In yeast, PI 3-kinase is essential for vesicle-mediated delivery of proteins to the vacuole (3). Therefore, AtVPS34 may serve an essential role in similar targeting events and, as a consequence of their defect, prevent normal plant development and growth in antisense plants.
